Abstract: Calcium phosphate coatings were electrochemically deposited on titanium from an aqueous solution of Ca(NO 3 ) 2 and NH 4 H 2 PO 4 at a current density of 10 mA cm -2 for a deposition time of 15 min. The obtained brushite coatings (CaHPO 4 ·2H 2 O), were converted to hydroxyapatite (HA) by soaking in simulated body fluid (SBF) for 2, 7 and 14 days. The brushite and hydroxyapatite coatings were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and atomic force microscopy (AFM). It was shown that increasing the soaking time increased the porosity, roughness and crystallite domain size of the HA coatings and decreased the unit cell parameters and unit cell volume, while the mean pore area of HA was unaffected. The calcium and phosphorus ions concentrations in SBF were determined by atomic absorption spectroscopy (AAS) and UV-Vis spectroscopy, respectively, and a mechanism of HA growth based on dissolution-precipitation was proposed.
INTRODUCTION
Metals have been used in various forms as implants due to their excellent mechanical properties, but lack of biocompatibility and corrosion resistance make metals inadequate for implantation in the body. The main reasons for applying ceramic coating on metal substrates are to protect the substrate against corrosion, to make the implant biocompatible and to turn the non-bioactive metal surface into a bioactive one. 1, 2 MORPHOLOGY OF CONVERTED CALCIUM PHOSPHATE COATINGS
EXPERIMENTAL

Electrochemical deposition of calcium phosphate coatings
Calcium phosphate coatings were electrochemically deposited on titanium plates (15 mm×10 mm×0.127 mm, Alfa Aesar, Johnson Matthew Co., purity: 99.7 %) from a stirred aqueous solution of 0.042 M Ca(NO 3 ) 2 and 0.025 M NH 4 H 2 PO 4 . The initial pH value of the solution was 4.0. All chemicals were of reagent grade (Sigma-Aldrich) and used without further purification. The electrodeposition was performed at current density of 10 mA cm -2 for deposition time of 15 min.
Chronopotentiometric curve was recorded during the calcium phosphate deposition in a three-electrode cell arrangement using Gamry Reference 600 potentiostat-galvanostat/ZRA. The working electrode was titanium plate. The counter electrode was platinum plate, placed parallel to the working electrode. The saturated calomel electrode (SCE) was used as reference electrode. Prior to the deposition, titanium plates were degreased in acetone and then in ethanol for 15 min in an ultrasonic bath.
Conversion of the calcium phosphate coatings to hydroxyapatite upon soaking in SBF
The calcium phosphate coatings were soaked in SBF solution for 2, 7 and 14 days. SBF solution was prepared by dissolving the reagent-grade chemicals of NaCl, NaHCO 3 , KCl, K 2 HPO 4 ·3H 2 O, MgCl 2 ·6H 2 O, CaCl 2 and Na 2 SO 4 in deionized water. 33 The prepared SBF solution was buffered with tris(hydroxymethyl)aminomethane, (CH 2 OH) 3 CNH 2 , and the pH was fixed to 7.4 by the addition of 1.0 mol dm -3 HCl. For the experiments, the calcium phosphate coatings were placed in plastic containers and SBF was added. The containers were kept at a constant temperature of 37 °C. All the SBF solution was replaced by a fresh charge every 48 h.
X-Ray diffraction
The phase composition and structure of calcium phosphate coatings and HA coatings were determined by XRD, using a Philips PW 1050 diffractometer with CuK α radiation (λ = 1.5418 Å) and Bragg-Brentano focusing geometry. Measurements were realized in the 2θ range of 8-70° with scanning step width of 0.05° and time of 6 s per point-step. The lattice parameters and crystallite domain size were obtained using the X-ray line profile-fitting program XFIT with a fundamental parameters convolution approach to generate line profiles. 34 
Atomic absorption spectroscopy
During soaking period of calcium phosphate coatings in SBF solution, the concentration of calcium ions was determined by atomic absorption spectroscopy, using a Perkin Elmer 703 atomic absorption spectrometer.
UV-Vis spectroscopy
During the soaking period, the concentration of phosphorus ions of the calcium phosphate coatings in the SBF solution was determined by UV-Vis spectroscopy, using a Philips UV-Vis 8610 spectrophotometer.
Scanning electron microscopy
The microstructure of calcium phosphate coatings and HA coatings was examined by SEM using a JSM-20 (JEOL) instrument. The micrographs were subjected to image analysis processing using Image-J software. 35 The images were converted to grayscale, thresholded to binary images and the pore area and porosity were estimated using Image-J software.
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Atomic force microscopy
In order to characterize the surface topography of the calcium phosphate coatings and HA coatings, atomic force microscopy (AFM) was used. The measurements were performed using a Quesant Universal SPM instrument operating in the non-contact mode.
RESULTS AND DISCUSSION
Electrochemical deposition and characterization of calcium phosphate coatings on titanium
The chronopotentiometric curve for calcium phosphate electrodeposition in a solution containing 0.042 M Ca(NO 3 ) 2 and 0.025 M NH 4 H 2 PO 4 , at a constant current density of 10 mA cm -2 for a deposition time of 15 min, is shown in Fig. 1 . For the initial very short time of deposition, up to 4 s, two stages could be distinguished (Fig. 1, inset I ): stage 1, during the first second of deposition, with a corresponding potential of -1.8 V and stage 2, during the following 3 s of deposition, with a corresponding potential of about -2.5 V. The slopes of these two stages are different and suggest that stage 1 is a faster electrochemical reaction, and stage 2 is a slower reaction. This is in good agreement with proposed mechanism for electrochemical deposition of calcium phosphate coatings on titanium. 20, 36, 37 Briefly, at a potential up to -1.9 V, two processes occur: hydrogen reduction from NH 4 + (originating from the starting NH 4 H 2 PO 4 ), which causes a local increase in pH (around 9) in the vicinity of the cathode and conversion of H 2 PO 4 -, (originating from the starting NH 4 H 2 PO 4 ), into HPO 4 2-. In the presence of Ca 2+ (originating from the starting Ca(NO 3 ) 2 ) and HPO 4 2-, brushite is deposited onto the cathode, which was confirmed by XRD analysis ( Simultaneously, the brushite coating deposited at the cathode and hydrogen bubbles evolved on the cathode, causes a decrease in slope of chronopotentiometric curve ( Fig. 1 , inset I, stage 2). Namely, at potentials below -1.9 V, hydrogen evolution from water occurs, leading to the formation of a great number of H 2 molecules. 20 Hence, at the potentials up to -2.5 V, two parallel reactions occur: brushite deposition and growth and, on the other hand, the electrochemical reaction of hydrogen evolution. After the initial interval of 4 s, the electrochemical deposition of brushite occurs mainly through the porous film and this step is represented with maximum of the potential-time curve followed by decrease in the potential during further 200 s (Fig. 1 , inset II). For deposition time longer than 200 s, the potential increases, suggesting that the H 2 bubbles are leaving the electrode surface.
The XRD pattern for the calcium phosphate coating electrochemically deposited on titanium is shown in Fig. 2 SEM micrograph of the brushite coating is represented in Fig. 3 , where the plate-like structure of the coating could be observed. The histogram of pore area distribution for a brushite coating, represented in Fig. 4 , was determined using Image-J software. From Fig. 4 , it could be seen that the majority of the pores had a pore area under 3 μm 2 . The values of the mean pore area and percentage of surface covered by pores (porosity) were calculated to be 1.204 μm 2 and 4.88 %, respectively (Table I) . The AFM surface topography of brushite coating is represented in Fig. 5 (10 × 10 μm area). The plate-like structure of the brushite coating could be observed, while the roughness parameters, RMS and R a , amount to 148.4 and 125.7 nm, respectively (Table I) . The crystallite domain size, calculated for the (002) plane, as well as the unit cell parameters and unit cell volume for the HA coatings obtained after soaking the brushite coatings in SBF for 2, 7 and 14 days, are presented in Table II . The results suggest that increasing the soaking time slightly increased the crystallite domain size of the converted HA coatings and decreased the unit cell parameters and unit cell volume, because of the increased crystal density.
In vitro tests of HA coating in SBF
In order to investigate the mechanism of brushite conversion to HA, the concentrations of Ca and P ions during 14 days of immersion of the brushite coating in SBF solution were determined by AAS and UV-Vis spectroscopy, respectively. The dependences of the concentrations of Ca and P ions in SBF on the soaking time are presented in Fig. 7a and b, respectively. For shorter immersion times, during the first two days, rapid decreases in both the concentrations of Ca and P ions were observed. Namely, the high rate of consumption of Ca and P ions indicates the high reactivity of brushite with SBF that induces the transformation of brushite and the nucleation of HA. XRD results for the HA coating observed after two days of immersion (Fig. 6a) , confirmed that the brushite had completely transformed to HA, indicating the ability of brushite to generate HA by intake of Ca and P ions from the surrounding solution. This is in good agreement with the literature. 33, 38 Namely, once immersed in SBF (pH 7.4), brushite dissolves rapidly because brushite is stable under acidic aqueous conditions at pH < 4.2. The increase in the local concentration of Ca and P ions resulted in the precipitation of calcium phosphates. Bearing in mind that the pH of the SBF was 7.4 and that SBF is supersaturated with respect to apatite (the Ca/P mole ratio was 2.50), the only stable phase that could be precipitated is HA. The rapid formation of a Ca and P rich layer in a relatively short time of immersion is of special interest because the success of osseointegration is defined by tissue-material interaction during the early days of implantation. 32, 39, 40 In general, both dissolution and precipitation of calcium phosphates occur simultaneously, but the kinetics of these two processes are different. The dissol- ution process is governed by ion exchange, while the precipitation process is controlled by the product of the ion concentrations and the solubility of the particles. The dissolution and precipitation of calcium phosphates in SBF is a reversible reaction. [41] [42] [43] The increase in the Ca concentration between days 2 and 8 of immersion is shown in Fig. 7a , meaning that the precipitation rate decreased, while the dissolution rate increased. After 8 days of immersion, the concentration of Ca ions decreased, indicating that further precipitation of HA coating dominated over dissolution. Indeed, the increase in the mass of the HA coating during exposure to SBF solution (6.6, 13.8 and 19.0 mg after 2, 7 and 14 days, respectively) confirmed that precipitation of HA coating prevailed.
The increase in the P ions concentration between day 2 and 8 of immersion is shown in Fig. 7b , suggesting that the precipitation rate slowed down, while the dissolution rate increased. The HA coating dissolution created a great number of the nucleation sites on the coating surface. During longer immersion time (between 8 to 14 days), a decrease in P ions concentration could be observed, indicating the consumption of P ions during soaking.
SEM analysis of HA coatings
The SEM micrographs of the HA coatings after soaking in SBF for 7 and 14 days are presented in Figs. 8a and 9a , respectively. Figure 8a shows the agglomerated sphere-like crystallites of different size after 7 days of immersion, while after 14 days (Fig. 9a) , the morphology of the coating had changed and less agglomerates could be observed. The SEM micrographs of HA coatings were analyzed by "Image-J" software. 35 After 7 days of soaking, the surface of the HA coating was fully covered by a HA layer, which was confirmed by XRD (Fig.  6b) . A 3D plot of a sphere-like agglomerate, with a size of approximately 4.0 μm in diameter is presented in Fig. 8b (detail from Fig. 8a, marked with an arrow) . The sphere-like agglomerate consisted of very fine crystallites, suggesting a high 
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DJOŠIĆ, MITRIĆ and MIŠKOVIĆ-STANKOVIĆ nucleation rate of HA. After a soaking period of 14 days, the HA coating surface had fewer agglomerates. A new spherical particle, with a size of approximately 1.0 μm in diameter, presented in Fig. 9b (the detail from Fig. 9a , marked with arrow), appeared on the surface of the previously precipitated HA as a consequence of further deposition of HA with soaking time. 44 Namely, when calcium phosphates were incubated in SBF solution, the formation of HA layer on the surface of the coating occurs, including dissolution, precipitation and growth of HA. 4, 45, 46 The formation of new agglomerates of HA on the surface of the previously precipitated hydroxyapatite, observed on the SEM micrographs (Fig.  9b) , is in good agreement with results presented in Fig. 7 , where the decrease in the concentration of Ca and P ions, after 8 days of soaking can be attributed to further HA precipitation. The formation of HA is very important in the formation of chemical bonds between tissue and bioactive material. The pore area distribution for HA coatings, obtained after soaking in SBF for 7 and 14 days, using Image-J software, are represented in Fig. 10a and b, respectively. The values of the number of pores, mean pore area and porosity, and the roughness parameters of the brushite and HA coatings obtained after soaking in SBF for 7 and 14 days are presented in Table I .
The brushite coating exhibited a relatively small number of pores (Table I ) with a larger pore area. Upon soaking the brushite coating in SBF, since the conversion process occurred, the pore number increased significantly, while the mean pore area decreased during soaking for 14 days. Comparison of the histograms of the pore area distribution for HA coatings upon soaking for 7 and 14 days (Fig. 10a and b, respectively) , indicates that the majority of the pores had a small pore area, up to 1 μm 2 , and that there were only a small number of pores having a larger area. In addition, increasing the soaking time from 7 to 14 days increased the number of pores with areas up to 1 μm 2 . Consequentially, the porosity of the HA coating increased with increasing soaking time, while the mean pore area did not change significantly. The increase in porosity of the HA coating for longer soaking times could be attributed to the simultaneous dissolution and precipitation of HA under physiological conditions, whereby precipitation dominates, which was confirmed by the increase in the mass of the HA coating, as was discussed earlier. Microporosity is very important parameter because it influences the adsorption of proteins by providing a greater surface area, as well as bone-like apatite formation by dissolution and precipitation. 47 Thus, it could be proposed that the HA coatings obtained after 14 days of soaking might have better protein adsorption ability due to their greater porosity with respect to HA coatings obtained after 7 days of soaking in SBF.
AFM analysis of HA coatings
AFM analysis of HA coatings obtained after soaking of brushite coatings in SBF for 7 and 14 days are represented in Fig. 11 . Roughness is represented by the arithmetical mean deviation, R a , and root mean square deviation, RMS. The results of the statistical analysis of the AFM micrographs for both the brushite and HA coatings are listed in Table I . The RMS and R a values of the brushite coating were smaller than the corresponding values for the HA coating. Moreover, the RMS and R a values of HA coatings increase with increasing soaking time from 294.8 nm to 726.4 nm and from 231.1 to 567.0 nm, respectively. According to the literature, an increase in the surface roughness of HA surfaces increases osteoblastic cell adhesion, proliferation and detachment strength. 6, 48, 49 On the other hand, a problem with highly rough surfaces is connected with cellular mobility. It was reported 7 that osteoclastogenesis could be induced if surface roughness, R a , achieves values between 0.04 and 0.58 μm. This means that the present results are comparable with the results from the literature. The HA coatings obtained in SBF from brushite coating electrochemically deposited on titanium at constant current density could stimulate a cellular response.
CONCLUSIONS
In order to investigate the ability of HA formation on titanium substrate from brushite precursor under in vitro conditions, electrochemical deposition of a brushite coatings on titanium was performed galvanostatically at a current density of 10 mA cm −2 for a deposition time of 15 min.
The brushite coatings were soaked in an SBF solution and conversion to HA coatings was monitored by XRD, SEM, AFM, AAS and UV-Vis spectroscopy during in vitro tests. Increase in soaking time slightly increases the crystallite domain size of the HA coatings and decreases the unit cell parameters and unit cell volume, because of increased crystal density. Moreover, an increase in soaking time increased the mass, roughness, pore number and porosity of the HA coating, whereas the mean pore area was not significantly affected.
An in vitro study was used to investigate the biological response of HA coatings under physiological conditions and Ca and P ions concentration in SBF were determined, confirming the dissolution-precipitation mechanism. Since the crystallite domain size slightly increased, it could be proposed that nucleation of HA dominates over crystal growth and, consequently, an increase in coating roughness was observed, suggesting that precipitation of HA occurred through heterogeneous nucleation. Bearing in mind that increasing the soaking time increased the mass of the HA coating, it could be proposed that precipitation dominate over dissolution.
Based on all experimental results, it could be concluded that the increase in the HA coating porosity and coating roughness, resulting in a larger surface area, make this coating suitable for biomedical applications, because it is believed that the porosity contributes to better protein adsorption as well as bone-like apatite formation by the dissolution and precipitation mechanism. Additionally, the inc-rease in HA coatings roughness indicates that the HA coatings could stimulate cellular response.
